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Introduction to the Report

The U.S. Geological Survey working under an Interagency agreement, DE- 

AI08-78 ET 44802, with the Department of Energy is engaged in a broad program 

to assess and identify potential repositories for high level nuclear waste on 

the Nevada Test Site (NTS). The Geological Survey's program consists of 

integrated geologic, hydrologic and geophysical studies which range in nature 

from regional to site specific. As part of the regional geophysical studies, 

a 50-station seismic network (about 200 km by 200 km) has been established in 

the region within and surrounding NTS. The principal purpose is to address 

the question of regional seismicity and to assess the potential for faulting 

and damaging earthquakes at repository sites under investigation.

In addition to the seismicity investigations, teleseismic p-delay studies 

are also being conducted using data from the seismic network. This phase of 

the study is to assist in understanding the regional crustal structure as it 

may relate to the potential for volcanism or the presence of potential 

geothermal resources in the area. Preliminary work has revealed variations in 

delay time of about 1 sec indicating significant variations in crustal 

velocities across the network (H. M. lyer, written communication, 1981). The 

magnetotelluric (MT) work reported on in this paper was performed to 

complement the on going p-delay work.

In September 1980, on the basis of competitive bidding, a contract was 

awarded to Argonaut Enterprises, Denver, Colorado, for 15 remote reference MT 

soundings to be made as closely as possible to stations in the seismic 

network. The prior MT work at NTS was of relatively poor quality at least in 

part attributed to cultural noise. In order to get improved data quality for 

this survey, the relatively new remote reference MT method was required by the 

contract. The stations selected were those within NTS proper or in the 

immediate vicinity.



Previous single station MT work at NTS near Syncline Ridge had revealed a 

very conductive crust (less than 1 ohm-meter) beginning at depths of about 3-6 

km. Syncline Ridge is near station 20 of this report and results from station 

20 substantiate the presence of this crustal conductor.

An important question for siting a repository at NTS is what kind of rock 

and at what temperature can be identified with the electrical conductor? In 

the near surface, rock conductivity is principally due to ionic conductivity 

from water present in the pore spaces. Low resistivity rocks are those with 

high porosity and or very saline solutions in the pore spaces. Argillites, 

zeolitized tuff, clays, and saline-saturated sandstones are examples. In the 

near surface, resistivities near 1 ohm-meter are normally encountered only on 

saline playas where porosity and salinity are high, or in geothermal areas 

where porosity, salinity and temperatures are higher than normal. Basement 

rocks tend to have intermediate to high resistivities due to decreased 

porosity and their resistivity generally increases with depth due to reduction 

of fracture porosity, metamorphism, and loss of free water. However, as the 

rocks approach melting temperature at mantle depths, the resistivity decreases 

towards low values associated with melt. At elevated temperatures but below 

the melting point, amphibolites tend to have lower resistivities than other 

common plutonic rocks. This is presumably related to the hydroxyl present in 

amphibole minerals. The presence of material approaching sea water in 

conductivity at intermediate or shallow crustal depths is anomalous and may 

imply the presence of hot or molten rock.

Because electrical data by itself cannot tell if the rocks are at 

elevated temperatures, a multidisciplinary approach is planned to attempt to 

identify areas of increased temperature. On a regional basis this will be 

accomplished by integrating results from studies of teleseismic p-delays,



Curie isotherm depths, heat flow, and MT soundings. Should the electrical 

conductor in the crust be due to rocks at greater than normal temperature, 

then there should be associated low seismic velocities, shallow Curie isotherm 

depths, and increased heat flow. Should high correlation be found between 

these separate studies, then the potential for voleanism and blind geothermal 

systems in the region will be increased. Neither of these consequences are 

favorable for the siting of a nuclear waste repository.

The report which follows presents the results from the MT survey designed 

to address the problem discussed above.
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Remote-Reference Magnetotelluric Survey Nevada Test Site and Vicinity,

Nevada and California

by 

Robert B. Furgerson

INTRODUCTION

National plans for further development of nuclear 

energy are partially stalled and high level nuclear wastes 

are piling up in temporary storage sites due to lack of 

suitable repositories or other means for disposing of high 

level wastes. Recognition of this problem has led the 

Department of Energy to greatly accelerate their efforts to 

develop underground repositories in suitable geologic media. 

Much of this effort is being expended at the Nevada Test 

Site (NTS). The U.S. Geological Survey has assumed the 

major responsibility for geophysical investigations of 

various geologic media and possible repository locations at 

NTS.

There is a need to obtain additional deep electric data 

in various areas within and adjacent to the NTS. The NTS 

lies within the Great Basin which is one of the more 

tectonically active regions in the conterminous United 

States with a history of young volcanism and significant 

seismic activity. Prior to disposal of waste in the region 

a better understanding of crustal processes is needed. The 

presence of young volcanism and high heat flow in much of 

the area also suggests the possible existence of geothermal 

systems. Magnetotelluric <MT) soundings are required in the 

area to assist in defining the crustal geoelectric section.

1Argonaut Enterprises, Denver, Colorado.



These data with other geological/ geochemical* hydrological 

and geophysical data will help in assessing the potential 

for volcanism and presence of geothermal systems.

To this end* the U. S. Geological Survey contracted 

Argonaut Enterprises to perform a magnetotelluric survey 

consisting of 15 stations. The stations were located as 

closely as possible to stations in a 5O site seismic 

network. Because there is a high incidence of cultural 

electrical noise at various sites at the NTS* the USGS 

decided it was necessary that the MT stations be acquired 

using a remote reference which utilizes the horizontal 

magnetic components. Figure 1 is a regional index map 

showing the outline of the area covered by Plate 1; 

detailed site locations are presented in Appendix A.
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Figure 1: Index map of Nevada showing counties, principle 

cities, and area covered by Plate 1.



PREVIOUS WORK

Classical geological mapping in the study area is 

summarized by Cornwall (1972)* Longwell and others (1965)* 

Tschanz and Pampeyan (1970)* and Jennings (1958). The major 

faults and at least six large caldera complexes from these 

reports are shown on Plate 1. Very little deep electric 

investigation in the project area was found in the open 

literature. Jackson (1966) describes a deep polar dipole 

sounding southeast of Las Vegas near Boulder City. Plouff 

(1966) gives interpretations for two scalar MT soundings in 

the present study area. His station 12 appears to be just 

east of Argonaut station 21; his station 11 appears to be 9 

miles due east of Argonaut station 20. Because Plouff's 

stations were scalar and because the sounding curves were 

not reproduced/ his interpretations were not used in this 

report.



THE THEORY OF THE hAGNETOTELLURIC METHOD

The magnetotelluric (often abbreviated as MT) method is 

a way of determining the electrical conductivity 

distribution of the subsurface from measurements of natural 

transient electric and magnetic fields on the surface. The 

MT method depends on the penetration of electromagnetic 

energy into the earth. Depth control comes as a natural 

consequence of the greater penetration of the lower 

frequenc ies.

Results interpreted from measurements at a single site 

are often considered analogous to an induction log* very 

heavily smoothed* obtained without drilling a well. Results 

from a line of measuring stations are interpreted to give 

underlying conductivity distribution and structure. That 

picture of the subsurface can in turn be related to porosity 

and salinity* since conductivity depends primarily on those

This chapter summarizing the theory of the magnetotelluric 

method was produced largely by lifting sections from the 

papers of many of the authors* especially Vozoff 

(1972,1976).



two factors in common sedimentary rocks. A third factor/ 

temperature* is an important variable in geothermal areas. 

In the past few years the MT method has been applied 

increasingly to problems in exploration and in earth 

sciences generally. These problems range from studies of 

the interior of the earth <on a regional scale)/ to the 

search for oil and gas and geothermal energy (on an 

intermediate scale)/ to the search for minerals (on a small 

scale).

The time variations of the earth's electric and 

magnetic fields at a site are recorded simultaneously over a 

wide range of frequencies* usually on digital tape. The 

variations are analyzed by computer to obtain their spectra* 

and various parameters (such as apparent resistivity) are 

computed as functions of frequency from the spectra. 

Interpretation consists of matching the computed plots to 

curves calculated for simplified models.

The Signals

The time varying magnetic (H) signal is the always 

present "noise" in the earth's magnetic field. When very 

large/ it interferes with magnetic surveys. In the



conducting earth* the changing magnetic field induces

telluric (eddy) currents and voltages; the latter are

proportional to the electric <E) signals. They are very

similar in appearance to the H signals. On chart records/

both sets of variations look irregular and noise like for

the most part. At times* in certain frequency bands/ the

variations may appear sinusoidal/ but the sinusoids are not

an important part of the -signal for MT purposes. Signal

amplitudes fall off rapidly with increasing frequency over

most of the range of frequencies used. Signal level can

increase very rapidly at the onset of magnetic storms/ an

increase of a factor of 1O being common/ and even a factor

of 100 is not unusual.

Most of the magnetic noise reaching the earth below 1 

Hz is due to current flow in the ionized layers surrounding 

the earth. The currents are powered by solar activity and 

by the relative motions of the earth/ sun/ and moon. At 

frequencies above 1 Hz/ worldwide electrical thunderstorm 

activity within the atmosphere is the major contributor. 

The transient fields due to thunderstorms can be exceedingly 

large locally/ while those associated with tornadoes are 

greater still.

In the low-frequency range/ mean directional properties 

from the source are fairly random so that/ given sufficient



recording time, all source directions are sampled. This is 

very fortunate since individual observations should then be 

reproducible even though the electric field does not always 

flow perpendicular to the source field* due to local 

anisotropy. At higher -Frequencies the source fields are not 

so uniform in direction/ depending on the location of 

thunderstorm centers* and one can obtain sets of 

nonrepeatab.le data depending upon the relative directions of 

source field and lateral resistivity contrast.

Effect of Earth Conductivity on H

When the magnetic fluctuations reach the surface of the 

earth* reflection and refraction occur^_ It is now well 

established that the signals can be approximated by 

electromagnetic plane waves. This will not be true under 

all conditions* but holds for the vast majority of 

geological situations of interest in petroleum prospecting 

(Madden and Nelson* 1964; Rikitake* 1966; Vozoff and 

Ellis* 1966).

Although the majority of the incident energy is

reflected* a small portion is transmitted into the earth and

travels vertically downward. To the conducting rocks* this



energy appears as a magnetic field which is changing with 

time/ and electric fields are induced so that telluric 

currents can flow. These telluric currents are completely 

analogous to the eddy currents which flow in transformers 

due to the changing magnetic fields caused by the 

alternating current in the primary windings.

Energy in the downgoing disturbance is quickly 

dissipated as heat. As a result the field penetration is 

relatively small in terms of its wavelength in air. The 

penetration mechanism in this situation is actually 

diffusion rather than wave propagation.

Current density in the earth depends on resistivity p» 

as might be expected. Within a rock* the normal 

relationship between the electric field and the current 

density at each point is

This differential form of Ohm's law is really a definition 

of resistivity and is very similar to the Ohm's law 

definition of resistance,

7 = V/K. 

In mks units E is in volts/meter, j is in amperes/square



meter* p is in ohm  meters. and H is in amperes/meter. 

However* because the fields are so small* the more commonly 

used practical units are mv/km for E and gammas for H. The 

practical units mill be used in later sections.

The E measurement is actually a voltage difference 

measurement between two electrodes. In a uniform earth* the 

voltage difference V between electrodes a distance 1 apart 

mould be

V = IE.

In the MT method it is usually assumed that E is constant 

over the length of the wire; i. e.  

K

The depth of penetration of the fields into the earth 

is inversely related to rock conductivity. In a uniform 

earth E and H weaken exponentially with depth; the more 

conductive the earth* the less the penetration. The depth 

at which the fields have fallen off to (1/e) of their values 

at the surface is called the skin depth S.

m

where f is frequency* OJ-27Tf * and jjL is permeability.



( ft in the earth is taken equal to fJL except in highly 

magnetic materials. ) Frequency enters into the equations 

because the magnitudes of the induced telluric currents 

depend on the time rate of change of the magnetic fields.

In a uniform or horizontally layered earth all 

currents* electric fields, and magnetic fields are 

practically horizontal* regardless of the direction from 

uihich these fields enter the earth. This comes about 

because of the high conductivity of earth relative to air. 

It can be thought of in terms of Snell's lam in optics* with 

the velocity in the earth being orders of magnitude smaller 

than that outside. Furthermore* the currents and electric 

fields are at right angles to the associated magnetic fields 

at each point. If E is positive to the north* H is positive 

to the east. That is* viewed from above* E must be rotated 

9O degrees clockwise to obtain the direction of positive H.

The mathematical description of the perpendicular E and 

H fields in a uniform isotropic conductor includes all these 

features in a concise form:

E,

The superscript indicates the value at the surface



Particularly interesting is the ratio

ohms 
fff 2 (

Since E and H are recorded at frequencies which can be 

accurately measured and since 1JL varies little from LL in 

most rocks* the ratio shows the relationship which exists 

between the conductivity and the measured fields. The 

equation can be solved for conductivity* giving

jyo 
>.''-^ (2)

Equation (2) is usually rewritten in mks units as

t /£,p =   Y
#,,/

and the superscripts are omitted.

In practical units* where E is given in mv/km and H is

in gammas* the magnitude of D is

(3)

When p (or cr ) is calculated from E and H values* it is

called an apparent resistivity p (or apparent' 0



conductivity O"a >. p and p are related* but they must be 

clearly distinguished. p Q is the resistivity that a 

uniform earth must have to give the measured value o-f the 

impedance 2. p is a property of the medium* whereas 

yO Q depends on how it is measured. The ratio of E. to H. 

at each frequency is the impedance Z.. for those components 

at that frequency. Since E and H are usually not in phase

Z. . is taken to be a complex number, 
ij

In a uniform earth* p Q has to be the same at every 

frequency* and E leads H in phase by 45 degrees at all 

frequencies. (This can be checked by substituting Equation 

(1) into Equation (3). > Thus* if uie plot p Q and phase 

against frequency* me see that both are constants.

In discussing kinds of electrical structure* it is

useful to define two-dimensional and three dimensional

structures. In the two d imens ional case C CT - CT<x*z)3*

conductivity varies along one horizontal coordinate and with

depth. The other horizontal direction is called the strike.

When conductivity varies with both horizontal coordinates

and with depth C O" = O~ (x* y* z)3* the structure is said to be

three d imensional and has no strike. If O~ depends only on

Zi the structure is one-dimensional. In each case* CT at

each point can depend on the direction of current flow;



if Q" does depend on direction* the medium is anisotropic.

If the conductivity changes with depth* pa varies with 

frequency* since lower frequencies penetrate more deeply. 

Apparent resistivity can be written and computed e xac tig for 

any desired combination of horizontal layers* whether 

isotropic or arbitrarily anisotropic. It can be calculated 

approx imatelu for any two dimensional model structure. As 

might be expected* Z for horizontally isotropic and 

homogeneous layers does not depend on the directions used as 

long as E is measured perpendicular to H.

When faulting or jointing are present* or varies 

laterally or with direction* and the j and E which are 

induced.by a given H depend on their direction relative to 

strike. In order to sort out these effects* we record 

complete horizontal E and H fields (two perpendicular 

components of each) at every site. In addition* the 

vertical component of H is also recorded* for a total of 

five recorded signals in all. These are designated H * 

H» « H z * E x * and E y .

In general* p Q at each frequency varies with 

measurement direction. We assume that there is a strike but 

that its direction is unknown. Then E X is due partly to 

Hy * but also partly to currents induced by H x « which have



been deflected by the structure. The same is true of E y , 

so the relations are written

£* = Z,,ff, + ZIVHV , (4) 

£v = ZVXH, -f- ZVVHV . ( 5 )

For example/ Zy X gives the part of E y iuhich is due to H X , 

and so forth. Since Ey and H X are generally not in phase* 

the Z's are complex. E and H component amplitudes are 

obtained by compute! analyzing the records using methods 

described in the section on data analysis.

For the work which follows x is chosen as directed to the north and y 

is directed to the east (fig. 2).



FIELD PROCEDURE AND INSTRUMENTATION

Although basically simple, field procedures require a 

great deal of planning and attention to detail/ since they 

dominate the costs; and the sensitivity of the measurement 

makes it highly vulnerable to disturbances at the measuring 

site. Sites must be chosen with care/ to avoid possible 

sources of disturbance such as cathodic protection 

circuitry/ power and fence lines/ unprotected pipelines/ and 

vehicle and pedestrian traffic. Two pairs of electrodes 

aligned at right angles must be laid out at each site/ as 

must three mutually perpendicular magnetometer axes. A 

set-up is shown schematically in Figure 2.

For the E field measurements/ sheet lead electrodes 

provide low resistance and low noise electrical connections 

with the earth. The input to each of the E field channels 

is the voltage difference between an electrode pair. 

(Although one usually thinks of the earth as being at zero 

potential/ voltage differences must exist if telluric 

currents flow/ because the earth has finite conductivity/ 

and j = EO~. ) The farther apart a pair of electrodes/ the 

larger the signal voltage measured/ so it is usually 

desirable to put the electrodes as far apart as possible! 

subject to other factors/ such as obstructions/ property
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I
geographic north

x-axis

t
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O

recording truck

y-axis

lead electrodes

3-component cryogenic magnetometer 

electric generator

Figure 2: Magnetotelluric sensor orientation



boundaries* the time needed to lay out connecting wires/ and 

the minimum spacing tolerable between adjacent measurement 

sites. For routine operations* it is desirable to use fixed 

wire lengths. Finally* since the wires must not be 

permitted to move in the earth's main magnetic field as this 

induces noise* clods of dirt must sometimes be placed every 

few feet along the wire to restrain it* a very 

time consuming task.

The two electrode pairs are intended to measure two

perpendicular components of an electric field vector which

exists at each site. However* it is possible for the

electric field on the surface to change in both direction

and intensity over very short distances/ due to large

lateral resistivity changes near the surface. Large

electrode spacings should be used in this situation to

average over as much of the variation as possible* or the

resulting data will apply to conditions which are too

localized to be of use. For best averaging in these

circumstances* it is also important that the two electrode

pairs form a cross whose four arms are as nearly equal in

length as possible* rather than being arranged to form an

"L" or a "T"* (Swift, 1967)* and that the magnetometer be

near the center. Although the cross is preferable*

difficult terrain may require one of the other arrays.



Topographic features can cause distortions similar to 

those caused by resistive heterogeneities. While these can 

also be modeled/ it is better to avoid them if possible/ 

especially if the relief is more than 1O percent or so of 

the electrode spacing.

The H-field sensors consist of a three-axis cryogenic 

magnetometer with a 3O liter liquid helium reservoir. Since 

magnetometers are even more sensitive to motions than are 

the wires connecting the electrodes/ the magnetometer is 

firmly seated in a 6 inch to 12 inch deep hole and covered 

with a wind screen.

The recording instrumentation contains amplifiers/ 

filters* a multiplexer* an analog-to digita1 converter* and 

a digital cassette drive controlled by software commands 

from a 32K word* 16 bit mini computer and timed by a clock 

synchronized with the National Bureau of Standards WWVB time 

code. A block diagram is shown in Figure 3* and 

specifications are given in Table A .

Normalized system response curves calculated for the 

bands used are shown in Figure 4 . System calibrations were 

made at the beginning of the survey and at the end of the 

survey and were within 37. of the calculated responses from 

one decade below the lower corner frequency to one octave
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TABLE A : Specifications of Argonaut Enterprises NT data 
acquisition system as of October 9, 1979.

(1) Electrical field detectors (2 component): four electrodes 
in a square array using 1OO to 3OO m lines.

(2) Magnetic field detectors (3 component): three axis super
conducting quantum-interference device <SQUID) magnetometer 
with 30 liter dewar and sensitivity of better than 10 
gammas.

(3) Analog signal conditioners:
(a) instrumentation preamplifier gains of 2, 5, 10, 2O, 

50, and 100
(b) post amplifier gains of 2, 5, 10, 20, 50, 100, 200, 

5OO, 100O, and 2OOO
(c) active 60 Hz notch filter with 45 db rejection and 

variable Q
(d) 2 stages of passive (RC) low pass filtering: 6 db/

octave rolloff with corner frequencies of 0. 16* 1.6, 16, 
and 160 Hz.

(e) active low pass filter: 12 db/octave rolloff with 
corner frequencies of 0. O2, O. O6, 0.2, 0.6, 2, 6, 
20, 40, and 200 Hz.

(f) active high pass filter: 12 db/octave rolloff with
corner frequencies of 0.001, O. OO2, 0.005, O. 01, O. 03, 
O. 1, 0. 3, and 6 Hz.

(g) The filters in each channel can be independently reset 
to zero by (1) manual switch on the front of each amp 
lifier filter board or (2) by the mini-computer under 
software control.

(4) 8-channel differential input multiplexer and analog to digital 
converter with 12 bit conversion plus 3 bits of programmable 
gain on each sample.

(5) Timing control unit:
(a) can be interrogated by the computer to give day of the 

year, hour, minute, and second.
(b) updated millisecond interrupt clock.
(c) accuracy to better than 1 millisecond when synchronized 

with WWVB.
(6) Digital tape recording with complete information for pro 

cessing contained in the tape header.
(7) In field monitoring of recording and playback processes 

by a 16 bit, 32K memory, mini computer.
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Ta"ble B: Magnetotelluric recording "bands.

"band

I

B

G

J

digitizing 
interval

0.0005
0.01

0.0^

0.3

3 d"b down corner frequencies

active 
high pass

5-7

0.32

0.32

0.005

active 
low pass

200

20

2

0.6^

passive 
low pass 

(two stages)

160

16

1.6

1.6

average 
num"ber of 
points 

recorded

60,000

60 > 000

60,000

20,000



anticipated noise. Customarily* several recordings are 

obtained in each frequency band at different times of the 

day/ because noise and signal are both variable and largely 

unpredictable.



DATA ANALYSIS

The purpose of data analysis is to extract reliable 

values of impedances/ apparent resistivities/ and the other 

earth response functions (ERF) from the field records* and 

to present them in a form convenient for interpretation. 

Operationally* data analysis consists of (a) manual editing 

of records to reject those judged to be contaminated by 

noise; (b) computer manipulation of tape recorded data to 

transform all records into the frequency domain* to derive 

the ERF which are used for interpretations* to screen each 

value computed* and to plot in a form convenient for 

interpretation the values which pass the screening; and (c) 

manual evaluation of the results to reject suspect data and 

to attempt to extract useful portions of j>reviously rejected 

data when necessary.

The first phase* manual editing* involves the 

examination of both recording log books and chart records 

for evidence the artificial or wind noise is large enough to 

downgrade a record. Records degraded by noise are not used 

if their use can be avoided* although it is sometimes 

necessary to reconsider using their quieter parts when 

insufficient quiet data exist.



A minimum of 8 data sets (each 2048 points long) per 

band are picked for processing. Each data set has its mean 

removed and then is tapered by a cosine bell so that 

harmonics as low as the second might be used. Then a FFT 

(Fast Fourier Transform) is performed and the resulting 

Fourier coefficients are used to compute pouier spectra. All 

power spectra in a band are then averaged.

It is helpful at this point to describe a feu of the

properties of the ERF* in order to explain some of the
 

procedures which are used in data analysis. In 

two-dimensional structures when neither of the coordinate 

axes is along strike/ all four elements of the impedance 

tensor Zj, j are nonzero and have different values. Magnetic 

field components in the x direction -give rise to some 

currents along x* in addition to the y directed currents* 

which would be the only ones if the earth were uniform or 

horizontally layered. Magnetic y components are likewise 

associated with both E X and E y * so that Z xx » ZXY* ^-yx' and 

Zy X will all have some finite values. Now if the coordinate 

axes are rotated (either physically or by computation) until 

one of them is along strike* then currents due to H X can no 

longer be deflected into the x direction and those due to 

H y flow only in the x direction. In this situation* Z xx and 

Z yy must be zero. The other pair are nonzero and unequal*



since current densities will differ in the two directions/ 

and the E components must also differ. If the coordinates 

are rotated a further 9O degrees* the same situation is 

found* except that the Z values are interchanged. Some of 

the other properties of the impedance elements are not so 

apparent. One of these is that

' ** ~ ~ Zvw \ O )

regardless of the angle between the coordinate axes and 

strike. Equation (6) was also found by computation to be 

valid for an arbitrary number of horizontal layers* each of 

which is arbitrarily anisotropic. Another important 

property is that

Z,v   Z.vt   constant

at all orientations.

In three dimensional structures* the tensor elements 

are still well behaved* according to Sims and Bostick 

(1969). By plausibility arguments* they arrived at

Z** 4- Zn = constant 

and

Zr*   Zwf   constant.



The Z are first found from the transformed data by 
ij

solving Equations (4) and (5) (see The Theory of the 

Magnetotel 1 uric Method). This involves using tuio equations 

in four unknowns. The apparent discrepancy is resolved by 

taking advantage of the facts that the Z- - change very 

slowly with frequency and can therefore be computed at far 

fewer frequencies than there are transform values. That is* 

the Zij are calculated as averages over frequency bands uith 

each band including many points of the transform. There are 

six different ways of computing each of the four tensor 

components (Word and others* 1970* Sims and others* 1971* 

Vozoff* 1971). Two of the expressions tend to be relatively 

unstable for the one dimensional earth* particularly when 

the incident fields are unpolarized. Another pair of the 

expressions are biased down by random noise on H and are not 

biased by random noise on E* while the remaining two are 

biased up by random noise on H. The six expressions are 

computed and checked to see if they are stable and fit a 

two dimensional structure. The ones which pass the tests 

are then averaged and used to compute the impedance tensor.

Once the Z. . have been found in the original (x*y*z) 

coordinate system* they can be rotated to any other system 

(x / *y / *z / ) by an angle B in the clockwise direction. The 

principal axes of Z are the values of 9 at which Z 'x y and



Z'y X take on their largest and smallest values* 

respectively. One may of finding these directions is to 

compute Z for many values of 8 and interpolate to find 

maxima and minima. It is preferable to use an analytical 

technique if possible/ to reduce computation. However, the 

only such technique which has thus far been developed does 

not directly maximize either Z'x y ( C7 ) or Z'y X ( u ) . Instead 

it solves for the angle 9Q at which

*o) I 1 4- | 4,(00) I s = maximum.

Setting the derivative with respect to Q of this sum equal 

to zero gives (Swift* 1967)

tan * a _~ _ z ,' _ [z , z ,1
 «« *-ww\ \ f-*v i^ ^»«l

This same value of C/ o also satisfies

| zL(0o) | J + | Z'ntfo) \' = minimum,

so that in the case of two dimensional structures the scheme 

finds the true principal axes. In the three-dimensional 

case* the method picks a slightly more general maximum, 

i. e. i

I Z'^ff) + Z'v,(6) | = maximum



(Sims and Bostick/ 1969). The results are seldom shown as 

impedance values. Instead/ the 

apparent resistivities p/ * with

'.. are converted to

Apparent resistivity has the phase of Z<, , that is/ the 

phase difference between E^ and H^.

Z'

Four different Z'^- are extracted at each frequency: 

xx » Z'xy' Z'y X » and Z'yy. The main purpose of analysis 

and plotting is to permit interpretation! which is now 

practically possible only for two  d imensi onal structures. 

Hence/ only /°xy and P y X are routinely plotted, since they 

are the only two which appear in two-dimensional models.

As noted above* both <Z + Z v w ) and (Z v - 2 ) are
A A J J A / J *

independent of B » as is their ratio. The magnitude of the 

complex ratio of these quantities is called skewness*

\Z -4- Z I I  £ «* ~r £*m |

If S is large/ structure at the site must appear to be 

three-dimensional in that frequency range.



The multiple coherence values are a result of analyzing 

the MT problem as a multiple input single output linear 

system. In particular it is a measure of the correlation 

between an electric field measured and one predicted by the 

radial magnetic fields.

There are two multiple coherence values corresponding 

to the different electric fields. The functions are 

computed from the power spectra according to the following 

formula

(MCE X)
i, H y H*l H x Etl H x HT' H y E xl -2Re(Hx H y H y Ex E x H^

H'

A similar expression exists for the Ey function by 

substituting E y for E x above. (Reddy and Rank in* 1974).

The other ERF are designed to use the vertical magnetic 

component H Z to help determine which of the two principal 

impedance axes is the strike direction. At the same time* 

the remaining ERF aid the interpreter in understanding the 

cause of apparent anisotropy, point out distant lateral 

conductivity changes* and often provide additional warning 

when three-dimensional structural conditions occur.



From the field data* we want to find the horizontal 

direction in which the magnetic field is most highly 

coherent with H_. In two dimensional structures* that 

direction will be constant and perpendicular to strike.

The .procedure* due to T. R. Madden (1968* 

unpublished)* is to assume that H is linearly related to H X 

and Hy and to write at each frequency

H, - AHf + BHV,

where A and B are unknown complex coefficients.

Using a least squares derivation* we can solve for A 

and 8. This pair of coefficients can be thought of as 

operating on the horizontal magnetic field and tipping part 

of it into the vertical. For that reason* (A and B) is 

called the "tipper". Its magnitude in each frequency band*

.4? + .-!?+ B; + B\r : ',

shows the relative strength of H . For a two-dimensional 

structure striking in the direction ( <£+ 90) degrees from 

x, the tipper strike (p can be determined by a natural 

extension of the tensor rotation method* proposed by Sims



and Bostick (1969). Here d> is chosen to maximize

\A'\* » \A cos 0 -I- B sin tf|*.

and is denoted <f>. .

We find the necessary condition to be

tan

If we use the Fortran function ATAN* so that -90 degrees

< 2 <f> < 90 degrees* then I A | 2 is a maximum if "~ i 2 ~"

22 22 I f I 2 
( Qp -f-Oi *-* br + UJL *' and I A I   is a minimum if

( Q2 + Q 2 )<( b2 + b 2 ). If I A I is minimum* we need to add
r .i ~ r i

180 degrees to 2 d> . In either case. th« final angle <p is 

determined to within 180 degrees. A definite choice for <f> 

is made by taking (f> as the angle for which the phase of A' 

is in the range (-9O degrees* 90 degrees).

A single site recording is subject to biasing by noise

on any of the measured fields. The recording of a remote

pair of H fields can be used to minimize uncorrelated noise.

If we denote the remote channels by H and H and multiply* y
through Equation (4)« we have

Ex Hx =Zxx H x Hx + Z xy Hy H x

_ ̂  Bit- R  it-

Ex Hy =Zxx H x H y + Z xy H y H y



If we then solve simultaneously for Zxx and Z xy* we

find

f LI Lj
7 - x"x y y t x"y "y "x *-

  0 ~ ^ w ,. ..
AJr AA X A A J

x y

where D= H X H X H y Hy- Hx H H y H , and the bars 

denote averages. Similar treatment of Equation (5) yields 

estimates of Z vx and Z vv:
JF * f f

u it _ er Li"*" 14 14
Fly liy Cyrly V

II"** if ii"** _ CT LI"** LJ LJ
y H y H x Hx E y H x H x H y

These solutions for the impedance elements contain no 

autopotuers and include only crosspowers between the base and 

the remote station. The impedance estimate will then be 

unbiased by noise* provided the noise is uncorrelated.

(Goubau and others* 1978)

Acquisition of the remote pair of H-fields is accomplished by use of two

complete recording systems operating simultaneously. Time correlation is 

provicted by recording clock signals synchronized to WWVB (see fig. 3).



INTERPRETATION

Probably the single most important step in MT 

interpretation is the systematic examination of the apparent 

resistivity verses frequency data for the survey area 

(Appendix B.). This step, roughly equivalent to the familiar 

seismic "brute stack"* yields (a) the approximate vertical 

sequence of resistive and conductive units* (b) approximate 

location of faults and structural trends* and (c)* most 

important/ the structural complexity as evidenced in the 

data* which ujill indicate ujhich modeling route to take for 

the continuation of the interpretation. The above 

procedures involve examining all of the MT data with an eye 

to the interrelation between sites* as impressions gained 

from an individual site bu itself or even a single profile 

may be misleading. It is most important to identify 

evidence of strong two and three-dimensional effects. While 

one is usually forewarned by preliminary geologic and 

regional geophysical (gravity* magnetics) studies* 

frequently the MT data will exhibit unanticipated effects. 

The qualitative examination step identifies these effects* 

and leads to the determination of the appropriate modeling 

procedures.

/i l



The interpretation of MT data as currently practiced by 

most geophysicists active in the field relies heavily on 

one-dimensional inversions of the parallel to strike (TE) 

component of apparent resistivity. Two-dimensional models 

are used as an aid to interpretation but final resistivity 

and geologic sections are most frequently seen as contoured 

or "picked" sections with the one dimensional (TE) 

inversions as the base. This technique is applicable in 

many instances* and excellent MT interpretations have been 

produced as a result. There are, however* important 

geologic structures where the TE based/ one-dimensional 

inversion interpretation will be seriously in error.

To avoid this the interpreter must learn to 

recognize those situations where the procedure is 

inappropriate/ and to have available alternate procedures to 

follow in order to arrive at a successful interpretation.

Table C shows electrical strike determined for each 

station. It is readily apparent that except for three 

stations/ the strike is southeast or east-southeast which 

agrees well with the major structural trends in the area: 

the Furnace Creek Fault Zone/ the Walker Lane Mobile Belt 

(Cornwall* 1972)* the Las Vegas Shear Zone* and the 

Arrowhead Mine Fault. Of the exceptions* station 18 appears 

to be aligned with the caldera complexes between Bullfrog



TABLE C: Magnetotelluric strike directions

Station

U011 
U012 
U013

U016
U017 
U018
U019 
U020 
U021 
U022 

U023

U025 
U026

Electrical Strike
125° 

o
90
160° 
150° 
1*5°

70° 
100°
155° 
80°

130° 
130° 
100°
135° 
130°



Hills and Silent Canyon. Station 12/ the second exception/ 

is in the complexly faulted Spring Mountains. The third 

exception/ station 21/ is very close to a major lateral 

change in resistivity structure as mill be discussed below.

The station density of this survey is too sparse by at 

least a factor of three for a cross section of any 

confidence/ but the attempt was made as it was a requirement 

of the contract. Therefore/ a north-northeast section was 

drawn between stations 14 and 16 (Plate 2). Using the 

Bostick (1977) continuous inversion in Appendix D as a first 

start/ analytic discrete layer inversions using a program by 

Anderson (1978) were made for the seven stations on the 

profile. These inversions show a strong conductor below a 

depth of 3 to 5 km at stations 14, 19, 21/ and 20. Between 

these four stations; stations 22 and 26 show a more 

moderate conductor below a depth of 13 to 30 km. Station 16 

at the northern end of the profile shows no resistivities 

less than 100 ohm-m and is probably strongly effected by 

nearby 2 or 3-dimensional structures. Because this cross 

section clearly shows the strong two-dimensional character 

of the structure/ it should only be used as a starting point 

for a two-dimensional analysis.
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APPENDIX A 

STATION LOCATIONS
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mm^^^mU^^dc4<^,vj ̂  /fat? <£^<ife£*i^>m

Station 11
Hayford Peak Quad.
Nevada
15 minute series
Section ^, T17S, R6lE



Station 12
Charleston Peak Quad.
Nevada
15 minute series
Section 16, T19S, R57E



r iSiA-XM ,L^J

Station 13
Stewart Valley Quad.
California
15 minute series
Section 31, T2^N, R8E



Station 1^
Funeral Peak Quad.
California
15 minute series
Lat. 36°12'3ir, Long. Il6°39'03"



m

Station 16
Oak Spring Quad.
Nevada
7-5 minute series°Lat. 3712'17", Long.



Station 17
Ammonia Tanks Quad.
Nevada
7.5 minute series
Lat. 37 12'15". Long 116°17'19"



Station 18
Springdale Quad.
Nevada
7.5 minute series
Section 2, T10S,



Station 19
Ash Meadows Quad.
California
15 minute series
Section 18, T26N, R5E



Station 20
Tippipah Spring Quad
Nevada
7-5 minute series°Lat. 3702'10", Long.



Station 21
Mine Mountain Quad.
Nevada
7.5 minute series
Lat. 36°55'13". Long.



Station 22
Skull Mountain Quad.
Nevada
7.5 minute series
Lat. 36851'31", Long. Il6°09'22"
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Station 23
Bare Mountain Quad.
Nevada
15 minute series
Section 1, Tl^S,
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Station 25
Mount Schader Quad.
Nevada
7.5 minute series
Section 27, TITS, R52E
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Station 2?
Overton Quad.
Nevada
15 minute series
Section 3, T15S, R68E



APPENDIX Bl

COMPUTER PLOTS OF DATA 

Tensor Apparent Resistivity
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APPENDIX B2

COMPUTER PLOTS OF DATA

Tensor Phase/ Multiple Coherencies* Rotation* 

Tipper "Strike"* Tipper* Skeuiness
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APPENDIX C 

COMPUTER LISTINGS OF DATA

The calculated results are printed out for the power spectra 

averaged data sets. These include:

FREQ = frequency (hertz)

RHOXY = xy rotated apparent resistivity (ohm-m)

RHOYX = yx rotated apparent resistivity (ohm-m)

PHASEXY - xy rotated phase angle (degrees)

PHASEYX - yx rotated phase angle (degrees)

ROT ANG = rotation angle (degrees)

SKEWNESS = skeumess

TIPPER = tipper magnitude

TIP STRIK = tipper strike as defined by Vozoff

(Geophysics/ 1976* p. 327)

TIP PHASE = tipper phase

COHXY = xy multipl-e coherency

COHYX = yx multiple coherency



o 
u uu « - - - m
MOftJuOO>IUO(DCf««*UIUIU~   O OOOOOOOOOOOOOOOOOOOOO -( . - ..... _

TI r o o co  >4 uu * co >J u u * u    a u CD <g -o * u * o- »  u M u M u o uo o- u u M o- o a r  OO*CD*IU>-.OCOUa>fr>CDO-4*'0>J'OUCP*>'»-0-40>'OU<O*   IU<0>J>J*-Oa>U PI C
* o OM * M u * u »  >J u * * « M    »  -o oi o- o o-    * o -o u * w >j »- o o -a o- o MI* 0 a

o
10 

M (U ***** LJ U U KJ KJ *     -   »-*   » »    »- ~ »-»        »  a >
<upuu-»-w*uoiw<>ja»w   -ou*ui>'Uiwij*»-opa)^«*uuuwu x H
O »  -0-0 M >J U CD U GO O- 00 «h OI O »  O    O- »  Q U « O O O- >J -0 GO    IhW -O O BD O- * -<J *  x O

< 2

o

-o>j'-wu*«oiuiaja)o-uuu«*o-O'XjN«>j«o-UMO-oa)a)>j«oi***tJM   -O O  - Ul O Wff-   « Ul M M Ch W O »  -O O  - O U U * O- GO Oi -0 »  * * S O M >  O -0 U »  M O «J U .......................................
o *   a» >j o- o -o »- w    -o >j -o >J CD w * < CD m >j o ui o u u -o o * * i* < -o o »- >J * >J 
u*ui*oui*-oui(>-oooiua)ui~o-oo>ui(ja)(D(DaNjO(j(D(DO>4o~o»-(Da)>o(D

z m > -n
(0 m |T| a

W   U Ch O W >J O M U Oi 00 >J »  *  « 9- * O »  4 U GO  - M * O « U « -O O O -0 fr * >l S -O x ffl ....................................... < z
	m

2 H

~ u u M u u * u u * * <* * ui u * LI u * u * * <* u m u (>  u »  »  »  »>o- »  o- <>  ui u <>> m n
U U * CD U - O <0 O U U O -0 » O U Nl Ul * 0) U O U * U 0»   O O * U   U » O O O 4 (h < H ....................................... x >

ppppppppopppppppppppppppppppppppp

o

M
z

H

pppppppppp poop o pop ppppppppppppppppppppp "o 
^r»*w~rr?-~~Mro~-. rr~~~~M~~~~~~oooooooooo m

TO

^
MUM-OO«O»IUIUMIUUIUMI» I I ~ * I >- *>^IU*IU***U1U1O>U1U1O 9

 ->
,5

III... I i * * M I S CJ W >J S >J S W S »  >J >J >J W »  *  M * M CJ * ~ I M U U * LJ LJ Ul CD >J >
UOUlUOIUOOUIU>J»-COUIIUpU>'CDCDO>OM>4»-a*CDUU(hOUOa)CDa)IU-0 (0 . . . . ................................... PI

pop ppppppop9opopppoppppop9pp»*-po»*pO9*»pp o
 O -O -O 
O O »-

o
pop pppppppopppppopopppoppppppppppppp»*pp o
>4 * 
u (h



Ul OOn-OOfr>NNNttn*riNlh-«(Da>4INNn4INn*raO««0'*O4K«'
a *rcr»rc-w-ooiM»«»»rtoooo-ooooooooooo-oooo
_i 66666666660666666666666666666666666 
.J i i I i i i i i i i i i

x a.
ooooooooooooooooooooooooooooooooooo i i T i i i T i i i i i i i i i i i it ill

5 o-ooooooooooo-oooo-oooooooooooooooo

>
X

o 0 0 0000-000000000 0000000000000006 u

se ........................... ̂ .......
a --o>«     M     -  IOCM a> o>     onrao   o-ovnnno   oo    

a.

u 60 b oo b b     w     -«i
a. ...................................a. oooooooooooooooo     run   no   Wrt-Moooooo  

OB OD
z 6666666666666666666666666666666666
u 
a

o ...................................z tDOO-8DNNNB)B)-»r(nri*pi'0«eDB)-   -i'0«>»n«-r>»fr>o   CK« &>
< 0) O <D 0) 0) O CD 0) <D 0> Ih 0-th &  B> (h 0> th <D O 0-O CD 0> O-O O O O- 0- O O fr-O- fr-

og a
n -o r> o> o> a> o 0- o> ih a> r> -o a* c* * o &  o- N « CD K rx -o w CD »  n r> *  o r> o<oto ui

COo < i- io " 
UIoz > ...................................ui x M o o <i r> n -c o- o> m * o N » o *  co o n o o   » &  o n o M   o- r> n o m IDEC ui tf)n«o^<o^^«o*o^*0"0"OV)^^nDr)Atf)AO}ff<6<f^^^r)nnDnt**
ui cou. <ui za a.

U!
o x   n co o -o r> N co r» »   n co co « -o -o -o ts o -o o K N -o w o   -o   N o   K «rz > o o -o CD   -o -o     o> -o o t o- r* o o n n » o o> o> M r> rn c» o » -o m -o * o r>u o ...................................
K I K « D »    K 0" W K »  O « » Ih n * O « 0" O W O N »    -O N N M.  CO W W O O

ac
n -     .. n m ct n n * * * « * N n n « t * -o o> -o -o « <o CD CD r* -oo "

>   »rtnr>^j»MKO>»o-nc*co»»n-o    o    
K I rvriwowifi   a-'orifrihO'Noa-doriririii   oiri   N     krieoti 
< K ^> »- o- o o   n » o-   » * * o   M N n fv co   - 03     CD co n r> M o   r» CD M
(0

u
a o « o * fr o o   o »> w « o- o »   -C co -o o- r> -o *  r> r» r> *  * n K -o n r» n r» «r

or  « M  « n  « o n O n n « M in    « «  n >r o -o N -o >  r^ - n » n n N o * n n»)_j u. n*>NODN-»N»n»Ncococo   on»)ni*»>n«*>n(-«     e» o- o- -o -o r>ui ooo       «nirj*«NON»>oinni     noff-nN   NO«-owrt-ocoiDH oooooooooooo       (Mrnn^-ft-oosni-oo-or*-   *-»nico   n
*- 0000006600060000006066     Mniri*r><)CDor«(-o6
UJ       CM 

O

r



a 
£
UI

x «hOOODOo>0"Ooo«hoo»-oB«'r-o«h   oeoo»>o»>nM(h4jnir>   tvw*-   »>»    K 

o 6 -6-66---O- 66666666666666666666666666666

o -66«   ~-66666666666666666 o

01   a  « * ri » ri ni V V 6 ri    « V ai 6 s  « ri o-' N 6 6 ri *6 6  « ni -d a^ N K N «<i s d ni OB V & " V < n n N    CM n n * * «r o * «rn nw o  «   i  n n -o a> «» n     w nw CM w o » 
z I i i i i ia.
a.

 -  
«rt-
» 
a. 
H-
e ui a. ..........................................
a. OOOOOOOOOOOOOOOOOOOOOOOOOOOO-WOOOOOOOO  OO

nm n<*n     f««noinininoicMO»nNnNnoir)nwniwnNNW   -N     o   o n o
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

o
^

t- 
o

Z K 
O

< X ..........................................
K > n n o  * N  » ^ o o ni n n CD o m o «*o n N to o n o OD o- <>     (M o «  N n ni o ih <>  CD »  f>    ni o ui m^'O'Ooo^>Kf^j>»f^N'OK'O'ON'OB>*^**^rifi)ri)*r)pjf)ri(iiPiPiwn(f>icMwr>ni

m 
o <
»- Ia. 
o 
w
2 > ....................................... . .
u x » o n -o M o «r -o to   eo o * « eo o o 9- o n N -on CM -o n <» o n o * * fr -o CD o n »  K » o o
c ui <ro*nninnnf>-on-o-of>«'«ni«'n*n*n«'««'<r«ininnn«-«'*<r*nnn«'n
ui tn
u. <
ui z
c a.
ui

  -a n N   a> n n n  > a> « a>  > o o N -o K n »  o »  M n w n K N »   o o> K o n o  > n o »
O ...........................z w o * K «* >» oww «MO  >     m   r»K ih n w «  K o * « o * o» IDN    n

    m *- n M * M m r* r«   
o

S >   O-OB     rtr\(-ooDn(f*<NNin   0'-«4jno*nrNO'r>.r)«-o)(D-o*-rvo»«r(D-o»r>   o 
x o   NrKr»r«noBo-Nn«-OBO'r>r>«-n(on(Df^nri  KnmaJKn  

f. z   ri   ̂ onimo   n^ri   6ihN-oi>   o*   6rir>.'o»aJ6  
< tc. n   nrKn^*o*>-o(D<haB<hO"'*»- M n
CD 

U

c o *> m n «h o <h  « N OB * * *> o * *> o *     « 03 o « «h o     rn   o n r« n K 45 n w n w *    o o 
3 ui

cu.ui oooooo   -   r»rtn*riNoni*>or>n(O   »>   rtoo-n»>   o«4jrtM4jmcDri   o 
K ooooooooooooooo     -rtmn»r)4jmoni-oor>n(     *   r»m-n-«fx»» 
O ......................'......... ......
t- ooooooooooooooooooooooooo       nmn«v>-omor«-oo*>ni   
u       N rt n *
o
<



o -60066-6-00666066606066666666 
u

o 666666666 -666666666666666666666666666 
u

u ........ .^ . .^ .. .^ ...... .^ ... .^ ........
  i«w   runtn.  n   M  i r»<en« 
i till i i ii i i i i i

a.

< <*n<*«n<**ninn<*i i i i   i«w  runtni   n   M  i r»<en«   rn 
x

* o n n» H     rtnn<*n<*n<* + nn     01         n   n >a N n n
||__^-^--« | .. | .* (III Ill II I I 

K « » 4) CD * ai   N   CD M     tvo»-n4ON<*<*n<*n   on*o   <s »"'  on*ui         annn<e«nnnnn*<*inn<*<*-4<*<*n<*naninni             n»
L 66666666666666666666666666666666666666

to _____n n-riorj   nn tv ri tv     nn-noo   ob   o - o     -o-   -oo   6   ui ......................................
Z OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
3 
UI

0)

   « 
o <

o
5 *
< x

CO UI 
(0

2 £
0. 

Q 
UI

g x -d«d-d66*--V^-6-<i»:ni--«b « - ri »-* 6 V*-do « *-o.'6ri 
g |
UJ X 
K 0.

^
Q x ^ tf) ^ v4 ^ ^ *0 (D O O *O O r? N rt ^ O *O 01 nf *O 03 ^* tf) ^w fr D tfk  * ^0 O ^ ^ D ^ O O 1^5 o °*!"*".*. n- °° . l?*!'* lrt  h'. 0- ?'-l0 * 0 *! 0<h *T*.*"! -IDfr *. -t?
K X

« 
o

H x 6-   »c-«: ri««: «» > « N-oo«n»oni    «n»--w--

a M » o CD » o o M o   » « a>« K » n a> n « < <»   « n « «» » n N -o n <» n w »   ̂  ui -o-off-r)h.no-r)o-CDajr*(hfxoo-«a)CD-o-O'Off-*-*ff-oaj-0'OMa)ff--«n(*-ff-CD

oooo       
o oooooooooooo       nnn^^oora-oo-on     «    noo   n-ono ....... ..............................

m ^ M M ni w n
o ^nri<-in-OKO(hO   nn<ein4)Na>ihO   nn«n4KO(ho   nn«n-ONeB 
<                     nnninnnnirannnnnnnnnnn
x



j 666606666666666066666666066666666666666 _i i i i i i i i i i i i i i i

 «*   or3oo«oooo   Sobo   o     i 
6666666666666666666666666666666666666666

O ^6   -6   666-~~~~66666d66666 6 6 66666666666 o

a 66~~~6~6^~~ 6 66666666 
u

e ran nnnm n nnni w M i »  n mn - N-n n i n n n - ««  »  » « n ON o- n B
K I I I I I I x II
n

o
09 OOOOOOOOOO-*     O«O-«

z 666666666666666666
tu
a

o ....
z ano> »< t tt n-*n n n o pi n n o n n n » » * rt < n  > « n n  »  >  > « n n n 4 « N c CD N a N

< N  « < < « » n w » n n w

o 
ui 
u
UJ x
K tu *  > nnnn nnn  > n « n n n * * n  «    w n n -o t»n * * n <r n n rn n -« n wniu a> iiu. <ui z

at a ........................................
»  «r oo  ««   ow* »N     »  m o n« »*»- - <N m n    o  > n n  > w ON N o nn>«n M

< K N N N n  » o w  « o w nth ra o * n  » * n n n * n rt w «h n m N »  N »  m w  « -o w n *> »  
i- ri»«wriwrtnn**»»n«>««*onn"»nnn*'W»n*»n«>n»>»«>o^>N^>-t 
n
u
tc. e N  «  >» » o -e on   -«K o o o a  « CD  * n o * -« n w n «  * n N -o n » n n 9- -o o o *D u  n<if>'«o--o-or»r^o   a»*)tDr*   *eoth-o-oo>»*o-oeD<i-or«eD>   r*o   ̂   »-
_i K o a>  « » -  rt *  -c N -< » o   o rt n » n *  « N -o n >  N  « n *  > n N o » m « o »  o o- o_i u.   ~ n n * « N o n ^   N * n «   «   -o n r» «  « *> n *> « r»       (h o- (>  -o -o N aj * n -oui OOOQOOO     -»rtMn^nr^o«m-«nooio>nN   r^o«-or»r»-omor^   o*
t- oooooooooooooooowr»n*».«(Don(-«o-«M-.   ̂ -.a ................................
H oooooooooooooooooooooo   -«   
u
o
<



i

<eo   
OBO»-
6   6       0066666660066

o -«           66666666660 6666 o

  n <o «  a>«- o   -o   nw n o» o   
KN -- --CM  noi n   n 

i i i i i i i 1111 i i i i i i i i
<       CM H CM CM   CM CM   CM CM * -O K N   « «     CM-  D CM O  « I CM CM CM

K nnn-rnnn i i r< r* - n  
Ho
a.

OL OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
 
H

CD CMCM   CMCM            CM     CM   CMO^TOOCMO   O     OCM   OOOOOOfM    

666666666066066066666

-o < **»»* ****»*»*»»* n CM   CM n CM CM n w CM CM   CM n r» CM   o o o «    

o 
2 "
< x .......................................
H > CM CM   o» CM « CM * N o» n <** o»-o n n »»* p CM K  « «*« r». o  «**»«« n    «
m ui n^^^KKNrvrvrvNNsrvfs^n^KnN^^n^^nn^^^^fnn   HCM

n i

o *" 
ui

* x 6cM-»:-6-fM-«»«*K  «»:-ii«NW6»*Vri~»«ri.bNrvN»r>r» 9:
K 3 « « 3 *> 3 -o 3 -o 3 «« « n * n * CM n n CM CM CM CM   CM   CM CM CM CM n CM n n n CM n CM  
u oj
u. <
u z
K QL 

UI

i 5
UI O 
K Z

o
>. tM«*MN-«r*   -oo-otDmr^ntf-^ff-N   nntf-   o-*r^»-O9-N*o   -<N   o-n  

u

§M o n o- * o o   * o   ̂  o o o CM $  -o o >o « n -o *   « CM « * * n rv < n » n CM * o o »
III ^ tf) Q ^ ^ Q *^ QJ O ** O ^ O O ^ O '

_ .... . -. *O   OCMOO   I

i O       <
oooo - - -

Q

I- OOOOOOOOOOOOOOOOOOOOOO       CMCMn<»n-«OOCM-OOCM CMm       CM n  » n
o  CMn«iox>^ioiho   CMn«r>-o^o^o   nn«n-«^ioihO   CMn^-n-orso^ 
<                     rMnntrarMracMncMCMnnnnnnnnnn

OOOOOOOOOOOOOO     CMO*ftf)^0OOCM*OO*tfCM     f   CMOS  



X Cf'NCB^ NCDCBCf> OOO9*Otf)OOOCD«Otf)«Otf)   G^tflftni  ft   NOOGD^n   n
> o- o- o- o~ o- ID o- o- o- o o oo- o- a> o* -o o* o~ o- o- o~ o- & at t^ to tor* to o~ r^ o~ ID r* r~ o~ a> o
o 666666666       606606666666666006666606660 o

X 
J
o oo   oooooo       000000000000066000000000000 
o

bJ
01 . _ _ _ . _ - _ ___< co  o o «6 « o n   ri«           n -o -o o> co   *NNinir>io»>«*>   o-o
X III I I I I I I I I I I I I Ia.
a.

aCx .............^......^....^.^.......

»-         i       i   
V)
0.

>-

K n ui n
0. ..................... .................
a. oooooooooooooooooooooooooooooooooooonoo

66666
u 
to

o. ?
s g
K
< X
>- >to uto
o <t- I 

a. o
UI
o
UJ X 
CE U
ui n
u. <
u X
cc a.
u

o x ^^ ^ - «.. ^, -< _ ui o ."*""*!. r!"" r<! a! "..."!.. "! n .. * n(Nr' K. "oa> '°* <I '0 . r* CKn ""..

cc n n « n * o N a- o   o o a- * CD CD -o *> » n r* n rt N k       CM n « * N 3 -o n o 
CD        

o

- o <rt<D0'. . "^.'°'0 . r! * **-n n ~ * en - o- o o- r> - rt

< cc  .«...»-..  ......,....» «^ 01      
»-
(0

o

^ Uj ««0- NNO-.0--?-«^'»t»'00-t(rnCfNNO'«»'CfOO?-0(MCOCh-.NOr«*--C>-

-I U. 
UI

o
t- ooooooooooooooooooooooo     mrxnrt-out
CJ

z



>

o - - 6--   ----- 6 o 6 6 0006660606

o 6   6   6006     6       66606666666666606006 o

UI

< i««NtvTfh<«rin«nnMriN~~~~' ~ - ~ -\ f - n T .......
zii i i i i i i i i
a.
a.

ce '"*/ wowopicMtM   ih   oofrChOcocBCBCBCBO^CB'OO'O'*   » cl n p> rj n *^ .. __ .._.« -

a.

ui  6b      -        wwnn***'f«r«*'**«r*inn<rrionnfiririw   rial 
a. 666666666666666666666666666666666666666 
H

m
ui .......................................
Z OOOOOOOOOOOO                  O     N   NNMOOO         OOO
3 
UI

CO

o ............................. .........
n < w                   o o o o o o o o o o o» o> o- o> a) a) o> ID CD N rv o co co a co a co co

o

2 *
< X . .... . . .......
t- > eo o -o « o »  o> o- o> N *i n n « a « * « M a>» w « eo r» o o N ««>  « e» CD  > N  « n w * en ui *r>*«r>«r>n«««n««***n»*Mnnnnnninnninr»ninininioir»
O <

a.
o
UI
u
ui x 4>BJ4«n'KWrinrir>ri(v6«nNih6n6noiranoyNri6n6-ri6n6o>r)  
Ui U> II

K a. 
ui

_ ---efoa>nnon--<<«
ui o .........

0*

o
> oxfr» 
x nnn  
ot- x ooo   o       r»r»or>-o-oo- nwriwN   nr»r*«n   oa>nr>o-on   OB     

< K             Mr«oi»r)rnnr»n»nr)niMni   w  
n 
u
ee a n n »  o o c* o o w -a o tt n * o *   -o co  « n »  <     n w « « * n N N n * a o *  

ui n-o-o fr « N n o n n « - n»-o-o N o*   » CD n o> N N »  w * o> o co-o-o r* a> o-o   * o*
ce o-ooM<ir><pnpnn«   ̂    ̂ *n»fr^oconctrv   r)*«nrxO)»rii«>»s  

_i u.ui 0.0 ooo       ««r>»«^o««or»rno   " -  rno>r)K   Nort-onrw-ooam
t- oooooooooooooo       nrtin^n-ocDoni-oo-on     «    na>   n>o
t- 666666666666666666666606      

<  -     -           nnmnnnninnnnnnnnnnnnr)



M n o *  9- o 9- o fr « h- ft fr h-  w HOB o 9- oo- o o- rt -o r*. n n o *> 
> fr o> o> o> o »  oo- o> h. »  o>o>c«- »  o- o> o- o o- a o> o o> o- »  o> o- N o
o 6066-6-66666666666606666606606 
u

> n o o o ft n -e a o o ** no- eo  « *»*  N  * « «o n» o h- wnr  «  «  « «* 
x o* CD o* a » o* o- » o* <r a -o a a> a a a> N o rv n * n n N o> N a o- n
o 666666666666666666666666666666 
u

.
01 a>»<ro-"nO 
< r»r»-- i - » w n» «r n n n r» r» *- onn^-nn i in
XI I I I I I Ia.
a. 
i-

K n i  MnnMMM^M       wnw i   i com       ooooo 
t- i i i i i i   i i i i i i i i i   -«           
M

a. 
i-
tt -o n » *» *» *» r> h. o-co M h. o co as »  N-o *» CD o *» M n o-*» n * -c-ou            M M     o   o o o o o o o   o     M n n n « 
a. ..............................
a. oooooooooooooooooooooooooooooo
M»-

m w- K o w o - »  w   n» n «   n »  r> w *> wn o> *   h- n> B> n w K 
o -   ooo   - o     M nt     o o o o o o o o     o o o   - o
z 666666666666666666666666666666
u
10

  -ON-**   a-N 
o n * * » *> *> * * *>  « n -o *> « r> n m « n a> r«.  « o  « * » n o o

o 
z ao

10 UJ 
M

o   
u
U
LU x »   rib^Nno-aiKn-ci-o*   Nh.n'rvfr-0   d  
e LU --ONrv
ui u>
& I
«r a.
lil

? x o- -o CD * - CD m   -o « « » » as * o -o n o> w o n «   N K   n   h. 
> n o- o <*  M o r* f» h. « m n> rt o o n o M o - M -o r> o ID r> « c* « -°

LU O ..............................
«r x  «  » CD o> « n M h. o - «r o r>   n w o O CD OD -o   o- n o- n r^ O -o o>

K         n n n n «  n n ID N -o h. m o- m N N o o ih   o o o   n coo - -    
n
o

« o . . .
t- z < n n N o- o- -   *IN-«W   r>oB   N-oo-ooBis»o»m   c*-os
< «r       -M   OMMOMMnnnnn^jBD   r>^)M  u   -   -  

u
c o CONO     oonM»m-o*»c*'-o»   r>Mnn»nh.o-h-»coBD»
3 ill  *  * -0 N O 0- «D f» O « » OD n O- N -0 0- » » 0- O OD-0-0 M CD O- O  

u. Nonis    o«n«a>-onofflnnnnir>nrii       o~ o~ o~ -a -o <r> o      

K 60600       nwriVr»«a»ort-«6 ui M _. _. n
o   M n *  « .o N «D o- o - r» n » *»  « N m D- o - M n » « >o f» CD c>- o
<



W   O-CtD^O-v»*UfJ-O-0(D>JO-yi*U)IU  

i* » u iu fu   «- -

PJWvlOJOi   aJW-*--PJOOO-WOCDO-UI*UIUW'--OOOOOOOOOOOOOOO -4

O-OCD>jaOOl«J*CDv4tJUIt«U-v|^)CJCDOv|^)*U*0--*UO-OlJ-NlO-*>J  *0-CD 31 P

* OJ O W <1 M CD * vl O VI U * 01 (J M U^ - O- -0 U O> CD O- -* 01 W * O Ul O vl O vl ,0 O IU-0 I*  - O 31

o
(O 

U*vlpWrMUC^C^w~vJ>4<DChfflCOCDUit**Ui»-W _«»  -   . 31 >

o -
»U'OvlQQ.Ovl.|kmm^vlOvl»viavl»U»UCD~6u^*»'~0*OlvlUU-OUOCOvlu>~0* < z

o 
>j

m * o-u   o 6-*-o w m b * w 6 >-ui o  -u ~ o » o oi w *-o u * w u vi ^> * o u vi o   u oi z 31
                                                                                  o ni

CDIUW^-*   O-WW~0-0*U&'V|UOI-OO-»U-0&'CD*»U*O--00-UCDO-WO1*OCD*X|-0 < 3
-0 0- O O »  - O- >0 -0 01 U O * CD vl CD U CD 01 » vl IU 0- * vl * 0- W <1  -"-01 W CD W U -0 O- * W O W x O

m
 a 3i
z m > -n
in m
m 30
tt PI
< r. o 

m 
o

> a (0
rn o)

-» 

o
31 Z
o

> o

0)

m 
oooooooooooooooooooooooooooooooooooooooooo z . . . . . . . . . . . . . . . . . . . . . . . . ................. jy,

H

woooooooooooooooooooooooooooooooopopoooooo TJ . . . . . . . . . . . . . . . . . . . . . . . . . .     . . . . . . . . . . . . . . -g

m

-4

en
31

? 
/

H 

IB

II I I I I I I II Z 
W 9- Jfc "- I *- I W U U * U O- »- M (JM O 0- U vj - W I I I ~ ~ M M U ~ .- ~ ~ >

o 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO*-»O*-OOOOOOOOO O

z

opoppoooopopoooppopppppoppoppoopoppopoppp



MM  -»-»  ' - -»- - -»   >
>»O>Oa)>JO>UI.»UIU»-O<Oa>>JO'U<fkUIU»- O

w w   »- »- m
uoo-uoa>p-u»uiuju;->-»~ppppooooppppopoppoppopopoop -4
au-O) « *--- WO>Ot>WOOO-W*UMW-   -OOOOOOOOOOOOOOOOO -4
»GDGDa>pj»JO>tPO>l>->JU«OAJ»-u»>OP>JUi>'-XUO>IU*UUAJ»*»-»"OOOOOOOO fH

.0 >« I* W * 0) -M U U« * U »- >4 -0 U O O X O *. U -0 <« O V U U    W O * »  »  0> *  W    01 O- O CD O X r 

0> » N U * U O- X U * * U M « »  »  O- -9 01 O« O * <0 U O M M M *- O M O    ^ If O »> W Ol U    >J C X

O

O
-t

Z H
o ^
x o 

w w NI io NJ >4»-o-N o * w m «o w o> o ui »  to  » < o OB 0) o-w * sj >j CD *   ̂ u * o u u u m a-  < z
o 
w
M

UU«JU*»*JIU9-'|kU»-<MUUiMIMhUU*UUUIUIU»*»*>«»x*>'»*>->« X 
U * 9- x >1 -« -0 * O >4M W OD (D OB 0>->J - »- -0 Ui W M * »  O O O CD » O -0 U <0 U * CD * 0- 0- U U Z 9

. o m
W 0- -4 (D O- W O -0 * i- Ui U « « O U U Ui O »- W « U O * fr- *  >J  « M O *  O ̂ * W « -O Ui * x O

PJ

T> a

i «B 0) PI
i ui PI a 
> o x PI     -  s

PI

Z H

_ _ __ ___ _ _ ____.._.__-_.__ ___ PI OB
*   UO«^>4^m(U**>4^^f-p  l>O*W»->-X'OUp(»p*>-IOplU>4Up'&-pWW  < H

H

> i 
O

vi ID vi <i n " o o o ̂ o ̂ o o o o - o o ̂ w w o o u u o w w M w w w >-»* - u u o * « o > u
  . r .............. r* ............... r* ..... o

0)

m
pppppppppoppoppopppppppppppppppppppppppppp z 
rPppppp^pppMopop«p*-^^prPPrPQ*-r****rr'?r^rrwww »

ppOpppOOpppppppppOppOppppppppppppOppOpOOpp T>

O Pt

0) 
I I I I I I I I »-*  I I I I I I I . H

X

 o 

5 
I^.U»^.U| Ml»-UMIU****NJChO->46>*Ul*-M>-l ~ »- U * M I I M  - *  - ^

I I I I I I I I I I 1 I I I I Z
>
in

n 
oppoopopooo9oopooo*-*«»-»»o o

n 
ppppppppppppppppppppppppppop»-»-ppp~ o



-- obbb

  -     -   - «e>-oobbbo

M o rn rn   n n n -    *> «r ~ n -« o ai i « -o r* CD r* n n < o <   
I I i i i i i

ooooooooooooooooooooooooooooooooooooo

««       oooo
....... . . ....

n«<o-onnnnoo<hO-onNO>«-onr>-onr>~<n<or)onONGDNDk >«-on

  oinninn  

>r> M o- o r^ (> r» o o- -o o M r> <» -o »   «r> n r> < * n rx -o n M n n

«n*r»Nonr».   
ooooo       ra 
oooooooooooooo-*    

« ~ - & o- o- « -o 
NO*i4)r4r4«eD r<   -*  M <D  

oooooooooooooooooooooooo-    



\tl I

O

m     >-OOOOOOOOOOOOOOOOOOOOOOO -4 ......... Q

U * 0) vl U (J -0 -0 -0    - >- (J U U 01 X U CD CD U O- - CD CD U O- * U * vj - >J U O >J U * CJ
-o a» -o CD w u * CD vj u u » >- vj -o u CD ovj -o * u * o-  - vj o- * w u o u »- o- o- o- w o t» a r

 « - * W O X >- -0 CD W 0~ O- 00 -0 * * -0 X >J  « CJ CD *  -  « X O> O >J 01 »J » tD >- CD O   -0 »  -0 PI C 
» O O M -O -0 (J MCJ »  « ! U * U M W  - *  O> -O « »  CD 0-  - * O -O * O >J O    M    O -0 O  « U O 3)

O

10
O M W W   W U *. U) CJ CJ M U ~  - ~ - ~  - - - H

I -*
UO'CO»-«iOUOlOOI*OlvJ>4>>*OWW*vJUa)O-UO-*OOOeOWIU-OUIUU>JO'O X Q
M 0- >J »  * O W «i U  « O * U O O « UU CO >4»- U CD -O U « O -O 0- -0 -O M *  O O » 0- M ^ 0» < 2

 .(JIO-aVUIt»UWUUIU(ija)*»-Uffl&'>4>4O--0'fl»-COvJ>**U U W W W M   »- -  «

 4)^OD(Po>-4IChai**Ui*lhM44uiO»UOOMOU<«O>*Mq)OIU*»U4k»>.«IUt04lyi X »
o rn
X §

PI
 o a
I fn ^ "^
(0 f
Pi a
< 1m
i °    M M U W U M U U U U U » 0- U « U W « W tt * U U W «* Ul W fr 0- 0- 0- 0- 0- O- 0- U U UO- (!) CD

X >

» i o

I =
to
m

oooooooooooooooooooooooooooooooooooooooo z

oooooooooooooooooooooooooooooooooooooooo  » ..................................... ^

I I I I I I I I I I 
UU MMUMMM UMM M I » MU    M    *- *- 

*U-»<hO*

o 
ooooooooooooooooooooooooooooo^***»»*oooooo o

o 
pppppppp*»*-O-»»-~O*~ O



o o-   oo  ooooooooooooooooooooooooooooooooooooooo

>
X
I
o o-oooooooooooooooobbbbboboooooooooooooooooobo

< n nriNN   6iwwrittwn«n~rt ...... . _ . . .? i i i i i i i i i i i i i i i&
a.« »-

'* . . rf ........ .^ ...........................
K «i ooooooooo   nr«n   rv   vn   on* innni    « « w   mnon   n   on
K | »««4>»«_4v«»4»«»4»«>»>»M>»«4Mv4|»*««>«||»»l||| v«v« »4 | | 
O

tt. 
l-t
»-

K f
111 - 
^ t
o. o obbbdbbo'oddddbddddddddddddddddddddodddooooox
»-

ro n 
to n

I "u 
tn

M 2 ?'d^!**'^*'9'5QtefrOW^r«^N'w'<WD'<4^c\iwf5NBti|>is*».t»i^aj<«0''n|^<i 
ra

i i
< X
H >

  Ko < I- I
a °- 
u
g >
ui x n
a: ui ou ID
u. <
111 X
OE a. 
u

?*" X - 
> n 

111 O^ w -*   «»'«D«rNoa>N»'-«nno   -«w-**' «» »  

tt
n 
o

§ >  « 
x «r

"-" O 
KIN 
< K

a 
u
M

ac o Nnnno-onN»«ooa>>«non»-. ___-.._ .. _...._. . .. . .
3 ui   n*r^oiho> n(D<t'<rno)09ono4Nih<-i <t'onihNNi^<t'nNNnn<onoih«*oio«* <t'«*(h
J K oo-on-«noo-«rort-oo-Mr^-^*n*o-N _____
-i u.   rnmn«rnfs.ons-N«rno<fvneDa3-«-on(D(D
in ooooooO w* OT*«*ninto^o')h^ooi'l)OAiiio«^
H o oooooooooooooooo     o ....................
t- o o o o o o o o o o o o o o o o o u
o
r



3 

O

U M M    »-   fl 
MU»OO-MOa)0'«*UMM»*t-»*OOOOOOOOOpOOOOOOOOOO H . . . .   .                 . . .   . Q

MO>U   COW"-*"-   WO-OO-WOO)0-O«UW»-"-OOOOOC>OOOGOOO H

u   vit»w*cDviut»*u   vi^)uov(o-*.j»*v»ikpjo   vi^oo-uiufjou a r
ofjw-ooo-»J PI c
-oo-*aj^-ON4 o x

o
to MM «IUI>jrJCJtJU<JU»*CJ***CJ«M«OI«*"UUCJ «« -" »  "

^
X -4
o 1- 
x o

o rj 0- 

O-ODODOD'0(D(D(D(Da3M(DODa)>JO-aJv»vloi*^)vl(jiuO-O«O'0-O«O>*UU<JO- TO

* o »u *- ui  - a>  - vi w m <>> w -. ~ * o uu a>  - a> o- M ~ c» vi m u * >» -0 o u < 3
x o

	ffl
 o a
i m > 1\
in m

o 
m

, ° X -I
> o en 

u u u * * * * * * * w (* w u u * * * *ugi o- * «*<* * w a <*u on* NJ *a * m a

o

m 
m

ppppppppppppppppppp pp ppppppppppppppp z 
Oooo«-poo~rrPppppp*-p MM wo»-opt;p»-    ^~«-~rt<? m

OOOOOOOOOOOOOOOOOOO O- OOOOOOOOOOOOOOO "9   ............ . . -

H 

Tl

10
" H

     "     .r..... ............... .. 5

Tl
 *

I X 
I UH~   OUM M*»MUU - >

» 10 . Ill

n 
popooopooppppppopop pp p o p p » » p o ppppppp o

ODOD ^ Q~0-QO
u-o »->-«oa)o

o 
poppppppppppppppppp pp ppppppppppppppp o



APPENDIX D

ONE-DIMENSIONAL "BOSTICK" INVERSIONS

The following plots are "continuous" inversions following 

the approximation by Bostick (1977). Inversions are given 

for both modes of resistivity and phase* because the 

selection of TE and TM is not always obvious and both modes 

may be useful in structurally complex areas. Because the 

"Bostick" inversion is an approximation for ONE DIMENSION/ 

caution is recommended in its utilization. Some 

characteristics are:

(1) the tendency to overshoot maxima

(2) the tendency to undershoot minima

(3) the tendency to omit the surface layer

Specific examples are discussed in the text.
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